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ABSTRACT

The U.S. Navy is currently investigating the concept of an advanced,
unidirectionally framed, double hull surface combatant ship design. This report
documents the results of an investigation into the damage stability issues
involved. Comparisons have made between a conventional monohull surface
combatant and the vessel modified with double hull compartments. Double hull
configurations internal and external to the original hull shell using three foot
and six foot spacings were considered. Several watertight compartmentation
geometries within the double hull spaces were also investigated. The Ship Hull
Characteristics Program (SHCP), version 4.11 was used for intact and damaged
stability calculations. Damage conditions evaluated were specified by Navy
Design Data Sheet (DDS) 079-1 dated 1 August 1975, for the stability and
buoyancy requirements for U.S. ﬁaval surface ships. The stability criteria as
specified in DDS 079-1 were applied and evaluated for the double hull CG 47
computer models. Additional damage conditions and stability criteria evaluated
were taken from the U.S. Coast Guard standards adopted for double hull oil
tankers. It is concluded that the double hull concept generally does have an
adverse effect on damage stability and that the existing Navy stability criteria is

adequate for double hull combatants.

ADMINISTRATIVE INFORMATION
This work was funded by Office of Naval Research (ONR-334) and is submitted as part of the deliverables
from Task 14 of the Advanced Double Hull Technology Project (RH21S11) of the Surface Ship Technology Block
Program (PE0602121N).

INTRODUCTION

The concept of a double hull surface combat vessel raises the possibility of the application of several
different technologies. Acoustic advantages can be obtained by filling the double hull space with fluid and acoustic
foam; weapons effects can be minimized by providing a stand off distance between the outside world and the inside
equipment, ordinance, and personnel; damage control advantages are obtained from increased counterflooding
possibilities; and ship construction can be more efficient and cost‘ effective. However, as the U.S. Navy has not
designed or constructed a double hull combatant vessel, there are many unanswered questions which must be
addressed early in the design cycle. In fact, the stability characteristics of double hull vessels are not addressed in
U.S. Naval design guidelines.

This report documents an investigation of the stability issues involved with the design of a double hull

surface combatant. The basis for the investigation was a computer mode! of the CG 47 hull form and it’s internal




compartmentation. The double hull version of the CG 47 has been modeled with double hull compartments internal
and external to the original hull shell using three foot and six foot spacings. Several different watertight
compartmentation geometries within the double hull spaces were investigated. The Ship Hull Characteristics
Program (SHCP), version 4.11 was used to model intact and damaged stability characteristics. Damaged conditions
and stability criteria evaluated were specified by naval design guidelines for standard monohull combat vessels.
Additional damage conditions and stability criteria evaluated were taken from the U.S. Coast Guard standards

adopted for double hull oil tankers. Evaluation of the stability criteria was performed using a new software tool

developed specifically for this task.

COMPUTATIONAL SHIP MODEL DESCRIPTION

The CG 47 was selected as the baseline hullform to be used in this investigation. The SHCP representation
of the CG 47 hull form and internal compartmentation was provided by the Naval Sea Systems Command [1] . The
input file, originally provided in SHCP version 3 format, was modified for use with SHCP version 4.11. The newer
version of SHCP was used because of an updated compartmentation description format which made modeling of the
double hull compartments easier.

The double hull modifications to the original CG 47 SHCP input file were made in the simplest manner
possible. Because of the modeling complications in the presence of appendages and significant changes in the shape
of the hull form at the ends of the vessel, it was considered adequate for the level of detail necessary, to limit the
double hull to the central length of the ship hull. The double hull used in this investigation was created between
stations 5 and 16, tapering down to original CG 47 shell at stations 3.97 and 17 respectively. These station numbers
were selected from the station offset list provided in the original input file and allowed the longest extent of
maximum double hull space. Figure 1 shows a schematic of the hull form indicating the area covered by the double
hull space.

In addition to the external double hull shell spacings of 3 feet and 6 feet, two other shell spacings of the
same size were used internal to the original hull shell. Each double hull was created from the existing hull shell by
projecting the original offsets normal to the hull shell by the appropriate distance. In all cases, the base line remained
constant as did the location of the vertical center of gravity and draft. In order to maintain an even keel condition, the
longitudinal center of gravity was allowed to move. Table 1 shows the ship particulars for the original hull form and
external double hull variants. Body plans are shown in Figure 2.

The internal compartmentation of the original CG 47 was not affected by the addition of the external double
hulls. However, the internal double hulls did impact the internal compartmentation. No attempt was made to
rearrange the compartments to account for the lost internal volume. Certain compartments were lost completely to
the double hull space while others lost portions of their usable volume. A true double hull modification, if
undertaken, would redistribute compartments in a much more logical and practical manner. This would not be a

trivial task and was not considered to be appropriate for the level of detail desired for this investigation.




DOUBLE HULL COMPARTMENTATION GEOMETRIES

Each double hull space was separated by transverse watertight bulkheads located at the same locations of
those within the original vessel. Figure 3 shows the fore and aft compartment extents from the original CG 47 input
file. The clustering of points indicates the locations of the main bulkheads. Within each longitudinal section of the
double hull spaces, it has been assumed that there was no tankage or large machinery and the space was void
(permeability 0.98). Figure 4 shows a schematic of the four double hull compartmentation geometries investigated; J
tank, U tanks, wing tanks, and segmented tanks. Each geometry, when used, was applied to all of the double hull
spaces. The combination of the original CG 47 and four double hull spacings (internal/external), and the four

compartmentation geometries yields 17 different vessels for the investigation.

STABILITY CRITERIA AND DAMAGE CONDITIONS USED
As part of the stability task, a review of the existing U.S. Navy stability criteria was performed. A review of
pertinent stability information from the commercial shipping industry, particularly double hull oil tankers, was also

included.

U.S. NAVY REGULATIONS

The U.S. Navy stability criteria for both intact and damaged conditions are covered in Reference [2]. The
Design Data Sheet includes monohull combat and auxiliary vessels, SWATH’s, hydrofoils, and most other forms of
surface vessel in the U.S. Navy fleet and specifies the types of damage to be investigated. There are currently no
provisions for the special case of double hull construction for combatant or auxiliary vessels.

The intact criteria for surface vessels includes the cases of a 100 knot beam wind, the lifting of heavy
weights over the side, towline pull (tugs), personnel crowding to one side, high speed turning, and ice loading. For
combatant vessels, only the beam wind, high speed turning, and possibly ice loading conditions need be investigated.
For comparative purposes, it is sufficient to consider only the wind loading condition.

Figure 5 shows an example intact righting arm curve and wind heeling arm curve. The point B is the wind
loaded static heel angle, the point C shows the angle at the maximum righting arm, and the angle 6, is the roll back
angle. The roll back angle is defined to be 25 degrees and represents a mean maximum angle that the vessel would
roll back when in waves. For the intact case, the maximum permissible heel angle, as indicated by point D, is the
angle at which the righting arm becomes negative or 90 degrees, whichever comes first. Note that the wind heeling
arm shown is positive through the range of heel angles shown. Assuming the center of wind pressure is located above
the vessel center of gravity, this would indicate a positive heeling moment caused by wind blowing across the deck
from port to starboard. Wind blowing across the deck from starboard to port would produce a negative heeling
moment and the wind heeling arm curve would be negative (ie, mirrored across the x-axis).

The intact criteria, under wind loading is given by two conditions. The righting arm value at the static wind

loaded heel angle (point B in Figure 5) shall be no more than 60% of the maximum righting arm value (point C in




Figure 5). This condition insures that the static heel angle in the presence of high wind does not approach the point
of diminishing stability. The second condition is that the ratio between the shaded areas (A1 and A2 in Figure 5) is
no less than 140%. This condition insures that there is adequate righting energy to keep upright while being acted
upon by wind and waves. ,

The Design Data Sheet specifies the type and amount of damage to be considered. For combat vessels, a
shell opening of 15% of the length of the vessel, on one side (port or starboard), from centerline to main deck is
specified. This 15% length may occur at any longitudinal position. For this investigation, only successive 15%
lengths are considered. The other damage condition specified is weapons damage. The exact nature of the weapons
damage and the size of the opening is in practice, classified. However, for this investigation, the damage condition
used in a dynamic damaged stability model test study! will be used, in a slightly modified form . In this scenario, the
damage occurs such that all interior compartments between stations 14.44 and 19.13 were flooded. An additional
weapons damage condition is used here which had only a starboard side opening between stations 14.44 and 19.13.

Figure 6 shows an example of a damaged condition righting arm curve and wind heeling arm. This figure is
similar to Figure 5 except that the undisturbed static heel angle shown as point A has moved away from the zero
angle point. In the damaged condition, the roll back angle and wind speed are reduced according to functions of ship
displacement (both specified in the DDS). The same criteria from the intact case applies to the damage case with the
addition of a minimum difference between the maximum righting arm value and the wind heeling arm at that heel
angle (0.275 ft minimum). There is also a maximum permissible static wind loaded heel angle. The value specified
depends on weather the ship is equipped with a side protection system (15 degrees without and 20 degrees with). The
side protection system is basically voids on the sides of a ship which are dedicated solely to counterflooding in a
damaged condition. Aircraft carriers and other larger vessels are so equipped. If a ship is equipped, then the
counterflooding capabilities must be able to reduce the static loaded heel angle to less than 5 degrees.

In the damaged condition, the maximum permissible heel angle, 64, is defined as the downflooding angle
where there is free communication between internal spaces and the sea. For this investigation, the maximum
permissible heel angle will be considered to be the angle at which the deck at edge becomes immersed. In reality, the
fan tail deck near the stern has lower sheer line than the rest of the vessel and will usually be the first deck to become
immersed; however, it is current practice to assume that there are no permanent openings on the aft deck. For this
investigation, only the deck at edge forward of station 17 will be used for determining the maximum permissible heel
angle.

The double hull spaces could easily qualify as a side protective system if they are indeed left as dedicated
counterflooding spaces (not all spaces would need to be dedicated). The U-tank geometry would not be appropriate
for a side protective system because of the inherent inability to generate an additional heeling arm when flooded. The

segmented compartment geometry, on the other hand, can generate heeling arms to reduce the static heel but at the

1 Documented in a limited distribution report.
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cost of associated piping and pumping systems. There is therefore a design trade off between the complexity of
highly segregated double hull compartments and the associated piping and pumping, and the accompanying increase
in damage control options. The damage control options for each geometry and the effects of counterflooding are not

addressed further by this investigation.

U.S. COAST GUARD REGULATIONS

The commercial oil industry has put much effort into investigating double hull oil tanker design issues,
including the stability characteristics. This was a direct result from public pressure to minimize the environmental
impact of tanker damage. The U.S. Coast Guard (USCG) has addressed the stability considerations in an informal
working document [3]. The efforts of the USCG, the major oil companies, and other marine groups went into the
drafting of these standards and criteria. In practice, the double hull oil tanker criteria have no relation to naval
combat ships, but they do provide a different view of damage stability criteria and evaluations. The differences
between the USCG and naval stability criteria are highlighted by the different measures of merit used and damage
conditions specified. The USCG criteria addressed here are only the additional criteria applicable to double hull
tankers and not the standard USCG stability criteria [4].

Figure 7 shows another example of an intact righting arm curve. The metacentric height (GM) is to be no
less than 1.5m (4.92 ft). In this investigation, the metacentric height is calculated from the righting arm curve by a
line tangent to the curve at the static heel angle (zero in the intact case). The value of the righting arm taken from the
tangent line at 7 radians (57.3 degrees) of heel beyond the static heel angle is the metacentric height [5]. The righting
arm at 30 degrees heel shall also be greater than 0.2m (0.656ft) with the maximum righting arm occurring at a heel
angle greater than 25 degrees. The righting energy, which is the area under the righting arm curve, shall be greater
than 0.055 m-rad up to 30 degrees heel, 0.03 m-rad between 30 and 40 degrees, and 0.09 m-rad up to 40 degrees
heel or the downflooding angle, which ever is less.

Figure 8 shows an example of a damaged condition righting arm curve. For the damage condition, the static
heel angle (without wind loading) shall be less than 25 degrees. The righting arm shall also be positive for no less
than 20 degrees beyond the static heel angle. In addition, the righting energy shall be greater than 0.0175 m-rad. The
damage conditions specified by the USCG criteria includes bottom raking and side raking. For this investigation,
only bottom raking was considered since the Navy specified 15%L damage conditions serve a similar function and
are geometrically similar to side raking. The regulations specify raking lengths of either 40% or 60% of the length of
the vessel, starting at the forward perpendicular, depending on displacement. For this investigation though, bottom

raking damage resulting in 20%L, 40%L, and 60%L shell openings (starboard side only) was used.




SHCP STABILITY RESULTS

The results of SHCP computer runs are tables of righting arm, transverse, longitudinal, and vertical center
of buoyancy, draft, and trim as functions of heel angle. For this investigation, the vessel was allowed to sink and trim
as necessary in all conditions. A total of 207 separate righting arm curves were calculated for this investigation.

Plots of the righting arm, draft, and trim for the intact condition are shown in Figure 9 for the original
hullform and the two external double hull variants. The intact case indicates the differences in stability characteristics
due only to the additional volume distributed along the hull for the external double hull variants. Up to
approximately 30 degrees heel, there is little difference in righting arm between the hullforms. Past 40 degrees of
heel, the larger double hull losses righting energy rapidly. However, the larger external double hull provides more
buoyancy (due to the additional volume) which is reflected in the smaller loss of draft and smaller trim angles as
compared to the original hull form.

Righting arm curves for the sequential 15%L damage conditions are shown in Figures 10 through 21. Figure
10 for the first 15% length from station O to station 3 shows the righting arm, draft, and trim for the original hull
form and the external double hull variants. This is due to the double hull beginning aft of station 3. The remaining
figures show the righting arms only. There are two figures for each 15%L damage condition which allow separate
comparison of the effect of double hull compartmentation geometry and double hull shell spacing.

Figures 22 and 23 show the righting arm curves for the severe weapons damage condition with both port
and starboard side flooding. Figures 24 and 25 show the righting arm curves for the severe weapons damage
condition with only starboard side flooding. The two figures shown for each damage condition display, separately,
the effect of double hull compartmentation geometry and double hull shell spacing. In several of these damage
scenarios, the severity of the flooding results in either deep drafts (large sinkage) or large trim angles or both.

Figures 26 through 31 show the righting arm curves for bottom raking damage. Shell openings of 20%,

40%, and 60% of the length are shown with two figures for each damage condition.

STABILITY ANALYSIS
The analysis of the stability results, as represented by the righting arm curves, has been performed using the
established criteria previously discussed as a series pass/fail tests. In addition, the degree of pass or fail for a given
criteria is also evaluated. All assumptions stated previously regarding the deck at edge immersion and downflooding

angles have been incorporated into an analysis computer program written specifically for this task.

INTACT CONDITION

The intact stability evaluation results are listed in Table 4. Damage stability evaluation results for all design
variants and the original CG 47 are listed in Tables 5 through 21. The intact table contains the same information as
shown in the damage stability tables eicept for the deck at edge immersion angles and corresponding station number
found to be immersed, and positive stability range information.

Tables 22 through 34 give a summarized listing of the stability evaluations for each criteria. The tables

show the difference between the computed values for each geometry and the criteria value. Negative values indicate
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a criteria failure. The greater the magnitude of the value in the table, the further it is from the criteria value. These
tables therefore may be used to indicate relative differences between the different geometries investigated.

Figure 32 shows the results of the intact stability analysis using the U.S. Navy criteria. Both criteria are
passed for each external double hull shell spacing. Inspection of the righting arm curves in Figure 9 shows the
smaller maximum righting arm values for the double hull variants which explains the increase in righting arm ratio
(since nearly identical static wind loaded static heel angles). The decrease in area ratio for the two double hulls is
due to the smaller heel angles for deck at edge immersion which cuts off the A1 area before the decrease in righting
arm curves occur (beyond 40 degrees heel).

Figure 33 shows the results of the intact stability analysis using the USCQG criteria set. The metacentric
height criteria fails in all cases. However, the minirﬁum value specified is a reasonable value for a full shaped oil
tanker design, while surface combatant vessels are finer hullform designs which tend to have lower metacentric
heights. The other results shown indicate small differences in righting arms and quicker deck at edge immersion for
the larger double hull spacing.

The intact stability characteristics discussed are not specific to the double hull per se. They simply show the
differences in stability due to the addition of volume external to the existing CG 47 hull form. The additional volume
has no direct relation to a double hull since the addition could just as easily be crew berthing as void compartments.
This also tends to complicate the damage stability analysis since stability characteristics for the external double hull

geometries investigated are partially due to the external volume addition as well as the double hull compartments.

15%1L. DAMAGE CONDITIONS

Area ratio results for the 15%L damage conditions are plotted in Figure 34. It can be seen that as the
damage location is moved aft, there is a decrease in the area ratio for all geometries investigated. However, with the
damage located between stations 9 and 12, there is a slight increase in area ratio. This is due to the large volume of
symmetric flooding within the engine room area, which results in decreased static heel. For damage located between
stations 15 and 18, there is an obvious grouping of reduced area ratio for all geometries. This is a direct result of the
highly asymmetric nature of internal compartmentation of ship spaces contained between station 15 and 18. In the
real world, these compartments would utilize cross flooding vents to achieve a more symmetric flooding condition
and hence, a reduced static heel angle. In several cases, the area ratio is negative which is due to the static heel angle
under wind loading exceeding (or being very close to) the deck at edge immersion angle. In all cases it is observed
that the degree of excedance of the area ratio criteria is directly related to the degree of asymmetry of flooding.

Figure 35 shows the wind loaded static heel angles for all of the 15%L damage conditions. Like the area
ratio criteria discussed above, wind loaded static heel is directly related to the degree of flooding asymmetry. For the
U-tank geometry cases, the wind loaded static heel (and undisturbed static heel) is slightly smaller than the original
CG47.

Righting arm ratio results for the 15%L damage conditions are shown in Figure 36. This criteria is more

sensitive to reduced righting arm resulting from lost buoyancy due to flooding, and not very sensitive to the degree of




asymmetry of flooding. The external double hull geometries, having the most righting arm reduction, therefor tend to
have larger righting arm ratio values than any internal double hull geometry. Only one righting arm ratio criteria
exceedance was observed, for the external 6 foot double hull with the U-tank geometry.

Figures 38, 39, and 40 show plots of the USCG criteria for maximum allowable static heel angle, range of
positive righting arm range, and righting energy. All geometries passed the USCG criteria with the exception of the

two 6 foot U-tank geometries which exceeded the 25 degree static heel angle criteria.

WEAPONS DAMAGE CONDITIONS

The area ratio results for the two weapons damage conditions are shown in Figure 41. Only the original hull
form, with symmetric damage, has a positive area ratio value (below the criteria limit). For this set of damage
conditions, the wind loaded static heel angles shown in Figure 42, is quite high. In most cases, the static wind loaded
heel angle exceeds the deck at edge immersion angle. Surprisingly, the area ratio values are lower for the external
double hull variants than for the internal double hull variants.

Figure 43 shows the righting arm ratio results for the two weapons damage conditions. There is little
variability in values for each double hull variant except for the external double hull with starboard side damage
which shows larger values for the more asymmetric compartmentation geometries. The only observed righting arm
ratio criteria failure is for the 6 foot external double hull with segmented compertmentation subjected to starboard
side damage.

Figure 44 shows plots of the difference between the maximum righting arm and the wind heeling arm at the
same heel angle. No criteria violations are observed.

Figures 45, 46, and 47 show plots of the static heel angle, positive righting arm range, and righting energy
results for the two weapons damage conditions. It is surprising to see that these two severe damage conditions pass
all of the USCG double hull criteria for all of the geometries considered. The J-tank and segmented tank geometries

do however come quite close the maximum allowed static heel angle of 25 degrees, starboard side damage only.

BOTTOM RAKING DAMAGE CONDITIONS

Area ratio results for the bottom raking damage conditions are show in Figure 48. All of the J-tank
geometries, the internal 6 and external foot wing tank, and the 6 foot external segmented tank geometry fail the
criteria for 60%L damage. The 6 foot external J-tank variant also fails for 40%L damage. The degree of exceedance
ranges from slight (for the internal 3 foot J-tank) to severe (for the 6 foot shell spacing geometries which fail). The
more severe criteria failures occur with the static wind loaded heel angle exceeding the deck at edge immersion
angle.

The wind loaded static heel angle is plotted in Figure 49 for the bottom raking damage conditions. The
maximum allowable values are exceeded by all cases with failed the area ratio as discussed above. The remaining
segmented tank geometry cases also exceeded the maximum static wind loaded heel angle limits. The plots in Figure

49 show that larger wind loaded heel angles are obtained for the J-tank and segmented tank geometries and that they

increase rapidly with bottom raking damage length.




Figure 50 shows the righting arm ratio results for the bottom raking damage conditions. All geometries pass
the criteria. Only the external 6 foot J-tank geometry case shows significant differences from the other geometries.
Figure 51 shows the difference between the maximum righting arm and the wind heeling arm at the same heel angle.
Again, all geometries pass the criteria with only the J-tank geometries (all shell spacings) showing significant
variation from the trends.

The static heel angles for the three bottom raking damage conditions are shown in Figure 52. Only the 6
foot shell spacing, J-tank geometry cases, for 60%L damage, exceed the USCG maximum of 25 degrees. The
observed trend are interesting to note. For 20%L damage, all cases are very similar, which is to be expected as the
double hull covers a small portion of the first 20% of the length. At 40%L damage, the J-tank and segmented tank
geometries are clearly heeling more than any of the others. At 60%L damage, the J-tank geometry exhibits much
more heel than any other geometry and the wing tank geometry has begun to show more static heel angle. In all
cases, the U-tank geometry and original hull remain close to zero static heel. Figures 53 and 54 show the righting

arm range and righting energy results. No criteria failures are observed.

CONCLUSIONS

An evaluation of the stability characteristics of a double hull surface combatant vessel has been carried out.
A conventional monohull and several different double hull compartment geometries have been included in the
evaluation. Current U.S. Navy stability criteria and imposed damage conditions were used for comparing the results.
In addition, the U.S. Coast Guard stability criteria and imposed damage conditions for double hull oil tankers were
included. The Navy’s standard computer program for stability calculation, SHCP version 4.11 was used to perform
all calculations. The evaluation of the SHCP generated stability characteristics and comparisons to the criteria was
performed using a newly developed software tool.

Results for the evaluations can not be considered in a fully quantitative sense because of the assumptions
made about the particular vessel and the double hull modifications, as well as the interpretation of the stability
criteria for the level of design detail used. However, trends can be identified and conclusions drawn from them.

The addition of double hull compartments to a conventional surface combatant vessel results in a
complicated interaction between the righting arm and heeling condition under external loading. Depending on the
extent of damage and the compartmentation geometry used, the double hull versions tend to have slightly larger
righting arms but at the cost of larger static heel angles. The geometry of the compartmentation within the double
hull also tends to be a more important factor than the between hull spacing. The segmented compartmentation and J-
tank geometries which encourage longitudinally asymmetric flooding are generally worse (in terms of criteria
evaluation) than wing tank and U-tank geometries which encourage symmetric flooding. There is a trade off though
between smaller static heel angles when the flooding is symmetric and the increased counterflooding options for
damage control purposes associated with the asymmetric compartmentation. While not addressed in this

investigation, the dynamic effects of water in the double hull compartments may also favor a more compartmented

geometry.




The U.S. Navy damage stability criteria differentiates between vessels with and without side protective
systems. This translates into dedicated counterflooding compartments. The double hull could easily be considered a
side protective system if the decision is made to dedicate the space to counterflooding. Effective counterflooding
requires some degree of longitudinal segmentation of the double hull space. The benefit would be a slightly less
restrictive criteria but the cost is the complexity of the additionally pumping and piping systems associated with the
counterflooding capability. In addition, the proposal of "floating decks" within the ship should be investigated to
insure that flooding or fire fighting water does not transfer between decks which would tend to adversely effect
stability. These issues should be addressed by the damage control task of the ADH Project.

The current U.S. Navy stability criteria is adequate for the task of evaluating double hull surface combatant
vessels. No modifications are necessary although there is room for clarification. Margin line immersion limitations
and the roll back angle used for computing an area ratio are meant to ensure that there is adequate reserve righting
arm to prevent extreme excursions in roll or even capsizing when the vessel is damaged. This investigation has
shown cases where the static heel angle under the effect of wind approaches the angle at which the deck at edge
becomes immersed and some cases, is beyond that angle. The result is either a negative area ratio at one extreme or a
very large area ratio at the other. The large ratio would pass the criteria test, however, it is not an acceptable
situation. The definition of the area ratio should therefore be modified so that this situation is explicitly excluded
from passing the test. A possible addition to the Navy stability criteria might be a bottom or side raking condition.
This addition would ensure proper stability characteristics in the event of grounding damage or relatively light
ordinance damage which only ruptures the outer hull shell.

It has been noted during this investigation that there is some discrepancy between the U.S. Navy criteria as
currently worded and the interpretation of the criteria in practice. It is suggested that the Design Data Sheet be
amended to provide some form of explicit guidance on the interpretation of the criteria and under what
circumstances certain criteria might be relaxed. It is impossible to cover every conceivable type of design which
might arise in the future but it is also important to provide instructions on application of criteria in these events. This
is the reason that this investigation was performed in the first place.

Having performed this analysis using an existing vessel with a series of contrived double hull modifications,
the stability results presented may paint a bleaker picture than reality would display. Performance of an actual ADH
design could be much better than a retrofit design of an existing vessel. However, this study does not necessarily

support that hypothesis, nor disprove it either. Still, there is no reason to believe that an ADH combatant design can

not be developed which exhibits acceptable stability characteristics.
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Figure 1. Location of Double Hull Modifications
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Figure 2. Body Plans of Original CG 47 and CG 47 Modified with External Double Hulls
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Figure 4. Double Hull Compartmentation Geometries
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Figure 6. Sample Damaged Condition Righting Arm and Wind Heeling Arm Curves
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18




Dratft (feet) Trim (feet, stern down)

Righting Arm (feet)

N
(3]

-t n
(82} (=

-
o

llll|!lll|l|l|||l|l

== -

— Baseline
""" 3’ Shell Spacing
— -— 6 Shell Spacing

T Tt
10 20 30 40 50 60
Heel Angle (degrees)

Figure 9. Intact Stability Characteristics

19

70

80

90




Draft (feet) Trim (feet, stern down)

Righting Arm (feet)

“““ 3’ Shell Spacing
—--— 6 Shell Spacing

- — Baseline

Ittt
-40 -30 -20 -10 O
Heel Angle (degrees)

Figure 10. Damage Stability Characteristics - 15%L Damage, Station 0 to Station 3
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Figure 13. Damage Stability Characteristics by Double Hull Spacing - 15%L Damage, Station 6 to Station 9
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Figure 14. Damage Stability Characteristics by Double Hull Geometry - 15%L Damage, Station 6 to Station 9
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Figure 15. Damage Stability Characteristics by Double Hull Spacing - 15%L Damage, Station 9 to Station 12
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Figure 17. Damage Stability Characteristics by Double Hull Spacing - 15%L Damage, Station 12 to Station 15
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Figure 18. Damage Stability Characteristics by Double Hull Geometry - 15%L Damage, Station 12 to Station 15
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Figure 20. Damage Stability Characteristics by Double Hull Geometry - 15%L Damage, Station 15 to Station 18
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Figure 21. Damage Stability Characteristics - 15%L Damage, Station 18 to Station 20
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Figure 22. Damage Stability Characteristics by Double Hull Spacing - Symmetric Weapons Damage
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Figure 23. Damage Stability Characteristics by Double Hull Geometry - Symmetric Weapons Damage
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Figure 24. Damage Stability Characteristics by Double Hull Spacing - Asymmetric Weapons Damage
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Figure 25. Damage Stability Characteristics by Double Hull Geometry - Asymmetric Weapons Damage
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Figure 26. Damage Stability Characteristics by Double Hull Spacing - 20% Bottom Raking Damage
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Figure 27. Damage Stability Characteristics by Double Hull Spacing - 20% Bottom Raking Damage
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Figure 28. Damage Stability Characteristics by Double Hull Geometry - 40% Bottom Raking Damage
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Figure 29. Damage Stability Characteristics by Double Hull Geometry - 40% Bottom Raking Damage
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Figure 30. Damage Stability Characteristics by Double Hull Spacing - 60% Bottom Raking Damage
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Figure 31. Damage Stability Characteristics by Double Hull Geometry - 60% Bottom Raking Damage
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Figure 34. 15%L Shell Opening Damage - Area Ratio Results
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Figure 35. 15%L Shell Opening Damage - Wind Loaded Static Heel Angle Results
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Figure 36. 15%L Shell Opening Damage - Righting Arm Ratio Results
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Figure 38. 15%L Shell Opening Damage - Static Heel Angle Results
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Figure 39. 15%L Shell Opening Damage - Positive Righting Arm Range Results
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Figure 40. 15%L Shell Opening Damage - Righting Energy Results
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Figure 41. Weapons Damage - Area Ratio Results
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Figure 42. Weapons Damage - Wind Loaded Static Heel Angle Results
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Figure 43. Weapons Damage - Righting Arm Ratio Results
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Figure 44. Weapons Damage - Maximum Righting Arm, Heeling Arm Difference Results
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Figure 45. Weapons Damage - Static Heel Angle Results
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Figure 46. Weapons Damage - Positive Righting Arm Range Results

56




Intenal Double Hull - 3" Spacing §

s 2

o

£ 15}

>

o

i

=

£05}

L

2

T o

Symetric Strb Side
Severe Weapons Damage
M Original B U-Tank W J-Tank
@Wing Tank M Segmented
Extemal Double Hull - 3' Spacing |

5 2

o

£15}

Py

2

[}]

=

i

o

£

=

2

T

Strb Side

Symetric
Severe Weapons Damage

WOriginal MU-Tank  WJ-Tank

WWing Tank M Segmented

Internal Double Hull - 6’ Spacing }

6\ 2
o
£15
>
o
L
[
£05
5 :
Symetric Strb Side
Severe Weapons Damage
WOriginal WU-Tank  WJ-Tank
Mwing Tank B Segmented
External Double Hull - €’ SpacingJ
5 2
o
£15}
>
2
g 1r
]
[«
£05¢
L
=2
o o

Symetric Strb Side
Severe Weapons Damage

WOriginal MU-Tank  WRJ-Tank

MWing Tank W Segmented

Figure 47. Weapons Damage - Righting Energy Results
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Figure 48. Bottom Raking Damage - Area Ration Results
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Figure 49. Bottom Raking Damage - Wind Loaded Static Heel Angle Results
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Figure 50. Bottom Raking Damage - Righting Arm Ratio Results
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Figure 51. Bottom Raking Damage - Maximum Righting Arm, Heeling Arm Difference Results

61




Static Heel Angle (deg)

- =N
OUIOU’!O%

[intemal Double Hull - 3 Spacing]

j/.;_

20% 40% 60%
Bottom Raking (% Length from FP, Port Side)

@ Original < U-Tank & J-Tank

gWing Tank ¢ Segmented

Static Heel Angle (deg)

- - N

External Double Hull - 3’ Spacing}

J:/jl__a

20% 40% 60%
Bottom Raking (% Length from FP, Port Side)

@ Original < U-Tank & J-Tank

g Wing Tank ¢ Segmented

Static Heel Angle (deg)

- e
o o o O

ﬁntemal Double Hull - &' Spacingl

— |

20% 40% 60%
Bottom Raking (% Length from FP, Port Side)

@ Original & U-Tank & J-Tank

gWing Tank ¢ Segmented

Static Heel Angle (deg)

- = N N
o U o o o u

[Extemal Double Hull - €' Spacing

—8 |

20% 40% 60%
Bottom Raking (% Length from FP, Port Side)

@ Original < U-Tank & J-Tank

gWing Tank ¢ Segmented

Figure 52. Bottom Raking Damage - Static Heel Angle Results
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Figure 53. Bottom Raking Damage - Positive Righting Arm Range Results
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Figure 54. Bottom Raking Damage - Righting Energy Results




Table 1. Ship Particulars

LOA (ft/m) 562/171.3
LWL (ft/m) 531/161.8
LPP (ft/m) 529/161.2
Draft (ft/m) 22.22/6.77
KG (ft/m) 23.42/17.14
Original CG 47 3’ Shell spacing 6’ Shell Spacing
Displacement (LT) 9561 11531 13722
L., (ft/m fwd midship) -9.89/-3.01 -10.8/-3.29 -11.47/-3.5
Maximum Beam (ft/m) - 55.3/16.85 61.3/18.68 67.3/20.51
Cp 0.601 0.508 0.565
Co 0.514 0.560 0.607
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Table 2. Summary of U.S. Navy Stability Criteria Investigated

Intact Criteria

100 knot beam wind imposed, 25 degree roll back angle

Righting arm at static wind loaded heel angle is no more than 60% of the maximum righting arm

Area ratio (A1/A2) is no less than 140%

Damage Condition Criteria

100 knot beam wind and roll back angle reduced according to displacement

Area ratio (A1/A2) is no less than 140%
Righting arm minus heeling arm at the maximum righting arm value is no less than 0.25ft

Static wind loaded heel angle of less than 15 degrees, if side protection system used, 20 degrees with

capability to reduce heel to less than 5 degrees

Shell opening of 15% of the length of the vessel at any longitudinal location, centerline to main deck

Weapons damage condition
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Table 3. Summary of U.S. Coast Guard Double Hull Tanker Specific Stability Criteria Investigated

Intact Criteria
e Initial GM no less than 1.5 m
* Righting arm grater than 0.2m at 30 degrees heel with the maximum righting arm occurring at no less than
25 degrees heel
» Righting energy greater than 0.055 m-rad up to 30 degrees heel
¢ Righting energy greater than 0.03 m-rad between 30 and 40 degrees heel

¢ Righting energy greater than 0.09 m-rad up to 40 degrees heel or downflooding angle, which ever is less

Damage Condition Criteria

e  Static heel angle less than 25 degrees

» Positive righting arm range of at least 20 degrees beyond the static heel angle

e Righting energy no less than 0.0175 m-rad

» Bottom raking damage of 40% or 60% of the length of the vessel, depending on displacement

67



Table 4. Intact Stability Evaluation Results

Original | 3' Spacing| 6' Spacing
Static Heel (deg) 0 0 0
Maximum Righting Arm (ft) 2.896 2.712 2.499
Heel at Max Righting Arm (deg) 50 45 40
Wind Static Heel (deg) 20.2058 | 20.2074 | 20.1524
Righting Arm at Wind Static Heel (ft) 1.0566 1.0566 1.0574
Max Heel (deg) 37.181 | 34.0886 | 31.5443
St. Immersed at Max Heel 8.318 8.318 8.318
Min Heel (deg) -37.1932| -34.1794 | -31.4633
St. Immersed at Min Heel 8.318 8.318 8.318
Max Heel total (deg) 241711 | 24.1796 | 24.2463
St. Immersed at Max Heel total 17.003 17.003 17.003
Min Heel total (deg) -24.3223| -24.3373 | -24.2753
St. Immersed at Min Heel total 17.003 17.003 17.003
Roll Back (deg) 25 25 25
GM (ft) 2.6471 2.5669 2.5096
Righting Arm - Heeling Arm @ Max RA (ft) 2.4 2.112 1.795
Righting Arm at 30deg (ft) 1.731 1.791 1.853
Righting Energy, A1 (ft-rad) 2.0479 1.5834 1.0298
Heeling Energy, A2 (ft-rad) 0.3385 0.3406 0.3434
Area Ratio, A1/A2 6.05 46484 2.9989
Righting Arm Ratio 0.3648 0.3896 0.4231
Righting Energy to 30deg (ft-rad) 0.4132 0.415 0.4186
Righting Energy 30 to 40deg (ft-rad) 0.3711 0.3865 0.3898
[Righting Energy to 40deg or Max Heel (ft-rad) 0.6697 0.5588 0.4744

o~



o~
<t
) Lzov'e  Josiez  ivoss'z  |pose'0  [ozc0')  [l962z eyl [esesz  [i820°€  [600°€ geLi'e  [Lve0'E (pes-y) ABieu3 Bugybiy Auliqers sAnisod
Q 1pzs28 [vors28 [2egl8  [9e9zz. [vecs'68 |61€068 |810vZ. |2r65G8 |209S5¥8 |160EVY8 1600998 |928°Z8 (Bep) ebuey Auiiqeys eanisod
= gsel’0  Igsvio  [tZvbo  [29620  jzeoco  [voLL'o  {roei0  leozl'0  [ivvi0  [v8E€l'0 |ezZELO [9Z€L0 oney wiy Bunybry
mb 28286 jeovie  leewes  |pLiL'O- [SOO vzl [ipszo {eees’L  [1265€  [1oovz  [8zeov  fiisE8 VIV ‘oney ealy
-2 €6v00 _ [tsr0'0 |erv00  [96c00  [82200 [Lico0  |eevr00  |zoc00  [8syo0  [2zb00  [Z8¥00  [vivo0 (pei-y) gv 'ABieu3 bBuljeeH
o €r8P'0_ |1BEY'0  |90vP'0 {89000 1000 {22220 [9ZL0'0  |S.90°0 [iv9l'0  [SEil0  |sZZOo 96€£°0 (pes-y) Lv ‘Abseu3y bunybiy
5 226y Jeoogy  f2iel’L [z2i50  [z1s90  [z8S€)L |2668°0  [/89SL  [1120C  [l/€0T _ |29.0°C  [1ze6'L () BapoE e uLy Bunybiy
b ZILe 9182 6v8'C SS0°L L10') (%43 9LL'L [T 129¢ G962 8/1'¢ 190°€ () Vi Xe © uly BuyjeeH - wiy buybiy
= czzee  ieloec  [iwve'e  loszs'y  [/8l€0  [696L°L 21292 [vosy'L  |evoo'z  [96SzT  [v9LL'E  |I6LLE ) WO
2 1€9.6  [lease  [1€9L6  {ie9L6  [i1€92'6  [1€926  [1€92°6  [1€92°6  [1€92°6  [1€926  [L€92°6  [LE9L'6 (Bop) yoeq 110y
~ €0021  [coozy  leoozlL  |SZL Sl Sl S/L Sl €001 |eooZl  [€o0ZL  {€00LL 1810} |98 UL Je pasiewiw| 1S ﬁ
o 6cLy've- |pLegve- 12598've- [vo66'LL- |8682'8- [ceze'8l- [21/8°0L- [99062- [ecisEl- [£298°22- [12zE1e- [2oE9e- (Bap) [ey0} jo0H WIN 2
-2 €0021  |eoozL Jeoosl  |sit Sl Sll S/l Gl €002y [€002L  |c00'ZL  [eoo2t [€10} |08 Xe| Je pestoww| 1S
g 619Z'vZ_|S€90'SZ |SLiGye [86vZ 0L |gezv'e  |i6€9'8L 62796 [eesel  [Loeb'€l [19122Z (685€2Z |8y oz (Bop) (€103 _{ooH Xe
= 8LE'g 8LE'8 8LE'g 10024 [Loo2zL  [sse'€l  [1ooZL {100l [sies 9.6'G 9/6'S 6.6'9 1901 UIN Je pasioww| 1S
s 2150'9¢- [9/2b'9¢- |8805'9¢- |60£€°82- [2vease- [6L¥6vE- [209'62-  [92v0°9Z- [6€59 22~ |20v9'Se- [98b9'82- [PISE beE- (Bop) joaH W
> 81’8 81’8 8LE'8 10021 [Lo0'ZL |266'WL  [tooZL 10021 [BlES 9/6'S 9/6'S 6.6'9 199 Xel Je pasietuwi 1S
= 18609 /ZIv'oc |2e59€ 1801892 |29r6Z |S9.5vE |9vS AT  {8LigST |S6S9°/Z |9cgese [L1ereZ |68LLvE (Bep) josH xep
..m £svp0  [Lvb'0 LLyy'0  [ye9c0  [28€0 eyey'0  [198€0  [692y'0  |sser'0  |z9er'0  [ssyb'0  |zevkO () 19eH 21E3S pui Je uly Buysiy
a L1126 vySe'6  |€918'6 |295€'92 |evevZ  [8£S9€l |1TZOEZT {8509'GL [268Z'EL |8.v6'ZL |62SE€0L [S.9Z'6 (Bop) 198 24EIS PUIM
o 0S 0S 0S 0S [ 0s 0S SS 05 0S 0S 0s {Bap) iy BunyBiy Xe 3e jee
=y 6L0€'¢  |6590'€  |e8e0e fevvzi  lo/pbZ’L  |elov'Z  [ecge’L  |e906'z  [e0l0E  [6vSL'E  1629€'€  |6952°€ (y) Wiy Bunybiy wnuwixepn
g [ C A LT vocL'9L |¥6eS'0- 161€0°0-  [2865°9L |gsov'e  [ge6eEr'y  |6069'F  |L66EC  [¥ZIZL (Bop) |eeH aneIS
mua %09 %0p %02 opis "qug| omewAsl 0z-81 S| 81-6L S| st-zL S| 63| 69s| 9eiIs] €073S
X Bupjey wopog suodespp e1eAes diys Buojy Buuedo 11I9US 1 %S
v
2
£0
&

s




ov9ze |2Zl0€  |evesz  [9/80°1L  [SeltL 189627 |2S08'L  [€065Z  [6ZEE 6.€5€  [yl0e€  |ip60'E (pei-y) ABieu3 Sunybiy Alligels eAlsod
81/6/8 1165628 [1526/8 |/2ZSv. |ve8L 16 |6LE068 |S606'€L [8956'98 22298 [v090°28 [SyL'8 [9281°28 (Bap) abuey Augeys eAnisod
ZLELO0 _ [evi0 ¥1°0 2220 |v8820 |¥9/1'0 69610 [2€410 I86€L'0 {99210 [621°0 9/E1'0 oney uuy Bunybiy
169 9/208 |6/v.6 |98100- |pzii0- l2z2e2  [1sob0  [10s€L  [gzi8€  [evbb?  |LESv'y  |LISE'8 2V/LY ‘oney easy
G8y00 129v0°0 |vvv0O  f2eco0 /5200  [1l€00  |Z2v00  [veOO 18v00 lsssoo  [60s00  |¥i¥00 (pei-y) gy ‘AbJeu3 bujjesH
981LE0 80.€°0 €EV'0 10000~ |62000- |8L2C0 G000 99+0°0 18810 L9€1°0 G922°0 96¢°0 (pes-y) LV ‘ABieu3] Bunyodiy
/S66'L  |7998°'L  |/962°) /€190 /€220 [286€L  |l0i60 {22667V lioezz  lis6vz  |iesvz  |izE6') () Bopoe e wiy Bunybiy
€80°€ £Y6'C ¥S8°C €Ll 28l [AE44 £vg'L [ 1662 9ee £87°€ 190°€ W) v2: . D wiy BujeeH - wity Bunyodry
volV'E |vIZOE _ Iv8/8C [828C) 118290 |696L°L |v6iLZ  [6lOC €66'C gsgr'e  [sszke  fi6Li'e @ wo
16976 |1€9/.6 |1£926 11€926 l1€9s6 |1€9.6 |1€926 [L£9.6 [1e9s6  |Lesss  |1€9.6  |1€92°6 (Bep) oeg lioy
€002t [coozt  jeo0Zy  |SLlL S/l SLl Sl Sl €00°L) |96 916'C £00°LL 1210} |80 UI Je pesieww] IS
811922 |Wp2L'Se- |1186'VZ- |21ZE6° |voEL'9- |ezze8i- [S€89'8- [LL26b-  |evbeel- [z990'ze- 11025722 |29€92- (Bep) 1203 108H UIN
c00'2L  [co0'ZL  |e00'2t  (SLL Sl Sl Sl Sl €00'LL _ |9l6°G 916G £00°LL 1210} 198H XB j& pesieluw} 1S
pZOr'ZZ |€9€2G6C |2LLL'GZ |ESC 8 819 16£9'81 |Zv69°L GLLY LESOCZL 190¥02C |[Z6vb LT |S8VY 9T ﬁa_& |ej0} |90 Xe
6.6'9 6169 6169 10021 [100Z1L  {Sse6'€l  |100Zb  [L00°ZL |69 916'S 9/6'S 6169 180 LAl Je pesJewiw| 1S
6201°4€- |50L8°€E- |26v2oc- |6229°92- |ZLL9E€Z- (286 Ve~ |19GY LT 11LSL'EC- |VLP9'ST 1299022 12026742 {PISEPE: (bop) jeeH UIN
6,69 6169 81E'8 100ZL llo0ZL  Z66%L  [100ZL _ [L00°LL 1669 9.6'S 96’6 669 19| Xl Je pesioww)| 1S
yelL'Le 12118 € |ovyzoe |Z68Lve |sS06'€Z [69.5vE |8889'GC |S6TO'EZ |9€08'GT |90¥0'2Z [Z6vp LT |68LLPE (Bop) 190 Xey
6vv'0 18br'0  |elPv 0 |1BLEO0 |9S6c0  |ever' 0 |/26€0  [Z2Zev0_ jisvy0  lesvyo  |ispv'o  l2epb0 () 193H onels pUIM e uby Bunybiy
96068 |c61E 6 |680L6  |86E0GZ |80G6 LZ ({B8ESOEL [86S¥2Z |vvELbL |SB6Z0L |2vi'8 160€6 [S192°6 (Gep) 100 20EIS PUIM
0S 0S 0S 0S 0S 05 55 5 05 0s 0s 0S (Bep) wiy Bugybiy Xep e jeeH
62/C€ |6cl e |6evO€  |629€ L  |6LZEL _ {619V°Z  |ev66'L  |Elevy'Z  [698L'C  |66VS'E  |6ZLVE  |69STE (u) uuy Bunybiy wnwixepy
28Z0°L  |60vO'L |6vZ0'Y  |clivvL |veSLZ- [6L€00- [SO60'GL |2ep0e 8122 9666+ |558°) vzl 1 (Bep) jeoH on&YS
%09 %0p %02 epiS ‘qus| omewAs| oz-gl 1s| 8i-s1 S| sk-zt IS] ¢i-6is| 6971S| 9€IS| €078
Bupjey woyog suodeopp 010A8S diys Buojy Bujued 110Ys 7 %S1

Table 6. Damage Stability Evaluation Results for CG 47 With Internal 3’ Double Hull Using U-Tank Geometry
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Table 7. Damage Stability Evaluation Results for CG 47 With Internal 3’ Double Hull Using J-Tank Geometry
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Table 8. Damage Stability Evaluation Results for CG 47 With Internal 3° Double Hull Using Wing Tank Geometry
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Table 9. Damage Stability Evaluation Results for CG 47 With Internal 3° Double Hull Using Segmented Tank
Geometry
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Table 10. Damage Stability Evaluation Results for CG 47 With Internal 6’ Double Hull Using U-Tank Geometry
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Table 11. Damage Stability Evaluation Results for CG 47 With Internal 6’ Double Hull Using J-Tank Geometry
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Table 12. Damage Stability Evaluation Results for CG 47 With Internal 6’ Double Hull Using Wing Tank Geometry
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Table 13. Damage Stability Evaluation Results for CG 47 With Internal 6° Double Hull Using Segmented Tank
Geometry
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Table 14. Damage Stability Evaluation Results for CG 47 With External 3° Double Hull Using U-Tank Geometry
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Table 15. Damage Stability Evaluation Results for CG 47 With External 3’ Double Hull Using J-Tank Geometry
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Table 16. Damage Stability Evaluation Results for CG 47 With External 3’ Double Hull Using Wing Tank
Geometry
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Table 17. Damage Stability Evaluation Results for CG 47 With External 3’ Double Hull Using Segmented Tank
Geometry
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Table 18. Damage Stability Evaluation Results for CG 47 With External 6’ Double Hull Using U-Tank Geometry
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Table 19. Damage Stability Evaluation Results for CG 47 W
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Table 20. Damage Stability Evaluation Results for CG 47 With External 6’ Double Hull Using Wing Tank
Geometry



Table 21. Damage Stability Evaluation Results for CG 47 With External 6 Double Hull Using Segmented Tank

Geometry
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Table 22. Summary of Evaluation Results for Intact Case

Original | 3' Spacing | 6' Spacing

U.S. Navy Criteria

Area Ratio (140%, minimum) 465.0% | 324.8% 159.9%

Righting Arm Ratio (60%, maximum) 0.235 0.210 0.177
USCG Criteria

Metacenter, GM Limit (1.5, minimum) -0.69 0.72 -0.74

GZ at 30deg (0.2, minimum) 0.33 0.35 0.36

Max Righting Arm Heel (25, minimum) 25 20 15

Righting Energy to 30deg (0.055, minimum) 0.07 0.071 0.073

Righting Energy 30 to 40deg (0.03, minimum) 0.083 0.088 0.089

Righting Energy to 40deg or Max Heel (0.09, minimum) 0.114 0.080 0.055

NOTE: Shown in parenthesis are the value of the criteria and weather it is an upper (maximum)
or lower (minimum) limit. Values in the table are the difference from the criteria. A lar
indicates a characteristic beyond what the criteria calls for. Negative values indicate

a criteria failure.




Table 23. Summary of Evaluation Results for 15%L Damage,

Station O to Station 3

Original and
Internal External | External
Compartmentation | 3' Spacing | 6' Spacing

U.S. Navy Criteria

Area Ratio (140%, minimum) 728.0% 635.7% 502.1%

Righting-Heeling Arm Difference (0.25, minimum) 2.819 2.472 2.162

Static Wind Loaded Heel (20, maximum) 11.26 10.45 9.79

Static Wind Loaded Heel (15, maximum) 6.26 5.45 4.79
USCG Criteria

Static Heel (25, maximum) 24.38 24.29 24,22

Positive Righting Arm Range above Static Heel (20, minimum) 68.38 68.29 58.44

Righting Energy (0.0175, minimum) 0.830 0.764 0.601

NOTE: Shown in parenthesis are the value of the criteria and weather it is an upper (maximum)

or lower (minimum) limit. Values in the table are the difference from the criteria. A larger value

indicates a characteristic beyond what the criteria calls for. Negative values indicate

a criteria failure.
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Table 24. Summary of Evaluation Results for 15%L Damage, Station 3 to Station 6
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Table 25. Summary of Evaluation Resuits for 15%L. Damage, Station 6 to Station 9
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Table 26. Summary of Evaluation Results for 15%L Damage, Station 9 to Station 12
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Table 27. Summary of Evaluation Results for 15%L Damage, Station 12 to Station 15
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Table 28. Summary of Evaluation Results for 15%L Damage, Station 15 to Station 18



Table 29. Summary of Evaluation Results for 15%L Damage, Station 18 to Station 20

Original and
Internal External External
Compartmentation | 3' Spacing | 6' Spacing

U.S. Navy Criteria

Area Ratio (140%, minimum) 585.2% 499.6% 396.5%

Righting-Heeling Arm Difference (0.25, minimum) 2.089 1.866 1.628

Static Wind Loaded Heel (20, maximum) 6.39 6.33 6.30

Static Wind Loaded Heel (15, maximum) 1.39 133 1.30
USCG Criteria -

Static Heel (25, maximum) 23.39 23.44 23.47

Positive Righting Arm Range above Static Heel (20, minimum) 67.38 66.20 52.74

Righting Energy (0.0175, minimum) 0.703 0.555 0.431

NOTE: Shown in parenthesis are the value of the criteria and weather it is an upper (maximum)
or lower (minimum) limit. Values in the table are the difference from the criteria. A larger value

indicates a characteristic beyond what the criteria calls for. Negative values indicate
a criteria failure.
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Table 30. Summary of Evaluation Results for Sever Weapons Damage, Starboard Side
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Table 31. Summary of Evaluation Results for Severe Weapons Damage, Port and Starboard
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Table 32. Summary of Evaluation Results for 20%L Bottom Raking
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Table 33. Summary of Evaluation Results for 40%L Bottom Raking
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Table 34. Summary of Evaluation Results for 60%L Bottom Raking
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